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FINAL REPORT 

CONTRACT NASW-4?0 

MILLIMETER-WAVE CONVERTER STUDIES 

I. INTRODUCTION 

This contract was directed toward the study of the feasibility of 

building a low noise, wide bandwidth, electronically tunable converter in 

the millimeter-wave range. The contract was divided into two basic study 

areas. 

The first study area had as prime objectives the theoretical 

analysis of the backward wave converter operation and the theoretical 

analysis of r-f structures that would give good performance in the milli- 

meter wave range. 

The second study area was experimental in nature and included 

measurements to correlate the results of the theoretical study areas as 

well as the study of electron guns for use in a millimeter-wave converter 

and the weight and power requirements of a converter relative to possible 

use in a planetary spacecraft. 

The information presented in Bimonthly Reports 1, 2, and 3 will 
not be repeated in detail in this report. 

last report (Bimonthly Report No. 3) will be reported on in Section 11 of 
this report, a summary of the over-all program will be presented in Section 

111 and conclusions and recommendations for future work will be presented 

in Section IV. 

The work accomplished since the 

11. WOFLK ACCOMPLISHED DURING T I E  PAST INTERVAL 

A .  Theoretical Analysis of the Gperation of the Backward Slave Converter 

1. Space Charge A n a l y s i s  

For the sake of clarity the discussion of the space charge analysis 

done during the past interval will be deferred to Parts 11 B and 111 A of 

this report. 

-1 - 
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2. Ballistic Analysis 

During the past interva two extens ons of the all st : theory 
were completed. In the first extension the approximate analysis presented 
as Appendix I of Bimonthly Report No. 2 has been modified to include the 
effect of the cosinusoidal variation of the envelope of the accelerating 
electric field, 

it turns out that the cosinusoidal variation does not complicate the analy- 
sis to any significant extent. Likewise, the results do not differ greatly 

from those obtained previously for the constant amplitude case. 

of this analysis are presented in Appendix I of this report. 

The analysis proceeds along the same lines as before, and 

The details 

In the second extension the ballistic analysis has been further 
modified to include the effects of space-charge in addition to a cosinu- 

soidal envelope variation of the electric field in the oscillator section 

of the device. 

the ballistic analysis presented in Appendix I with the pure space-charge 
analysis presented in Section I11 of this report. 

This analysis, which is presented in Appendix 11, combines 

B. Experimental Measurements on Low Frequency Converter and Correlation 
With Theory 

1. Construction of Experimental Low Frequency Converters 

During the course of this investigation and as described in 

earlier reports two experimental low frequency converters were constructed. 

The first designated the X-422 is a single helix device in which the input 
signal is injected into the collector end of the circuit. While numerous 

measurements were taken on this device they did not prove to be conclusive 

because of the difficulty in measuring the i.f. impedance. 

course of measurement a considerable effort was expended to determine the 

impedance of the i.f. load. 

quantity to evaluate. 

During the 

Unfortunately this proved to be an elusive 

The second experimental converter designated the X-423 proved to 
be an extremely valuable device. 

c a l l y  in Figure 1 was designad to operate in the 500 to 1000 nu3 frequency 

This converter which is depicted schemati- 
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range. The o s c i l l a t o r  p o r t i o n  of t h i s  device  was severed i n  t h r e e  p l aces  so 

t h a t  four  d i f f e r e n t  c i r c u i t  l eng ths  could be i n v e s t i g a t e d .  F igure  2 shows 

t h e  e x c e l l e n t  agreement which was obta ined  between t h e  c a l c u l a t e d  and 

measured parameters  of t h i s  po r t ion  of t h e  device.  

terist ics of t h e  X-423, cons iderable  d a t a  was obta ined  f o r  each e f f e c t i v e  

o s c i l l a t o r  length .  

ob ta ined .  I n  t h e  fol lowing s e c t i o n s  of t h i s  r e p o r t  i t  i s  shown t h a t  e x c e l l e n t  

agreement w i t h  theory was obtained.  

I n  s tudying  t h e  charac-  

F igures  3, 4, 5 and 6 are t y p i c a l  of t he  d a t a  which was 

2. C o r r e l a t i o n  With Bal l is t ic  Theory 

I n  Appendix I, the  b a l l i s t i c  a n a l y s i s  of t h e  BWC was extended t o  

i n c l u d e  t h e  e f f e c t  of t h e  cos inusoida l  electric f i e l d  amplitude envelope i n  

t h e  BWO s e c t i o n .  It was shown t h e r e  t h a t  t h e  conversion ga in  i s  given by: 

where a l l  t h e  q u a n t i t i e s  appearing i n  this express ion  have been def ined  i n  

earlier r e p o r t s .  

Before t h e  conversion ga in  may be eva lua ted  numerical ly ,  va lues  

must be chosen f o r  t h e  va r ious  parameters appearing i n  t h e  above express ion .  

A c a l c u l a t i o n  of x has been made f o r  t h e  no-space-charge case ,  and t h e  

- -*ul.tr are p resen ted  i n  Figure 7 wi th  x m ’ 7 f 2 C )  p l o t t e d  as a func t ion  

‘ A ~ W  ,bcuiacions were performed w i t h  a desk c a l c u l a t o r .  

**. t .  
*”c 

3aL.  This c a l c u l a t i o n  i s  s t r a igh t - fo rward  but  somewhat t ed ious .  a”t - t’ 

O n  t h e  b a s i s  of what appear t o  be reasonable  assumptions, a va lue  

of 500 ohms h a s  been chosen for  %, t h e  load  impedance at t h e  i.f. frequency. 

T h i s  v a l u e  has  been used i n  a l l  of t h e  subsequent c a l c u l a t i o n s .  

Representa t ive  comparisons between t h e o r e t i c a l  conversion ga in  

and measured va lues  are shawninFFgures 8, 9, and 10. The S tanford  nomo- 

graph  w a s  used t o  determine t h e  c i r c u i t  impedances, and i n  each case t h e  

-3- 
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. .  
i gain parameter C was calculated, using the appropriate current. (1GS p e r  cen t  

I .* beam transmission was assumed.) 
Figure 7. 

The parameter)( was then deternined f r m  
u' 

All other parameters appearing in the *.", '- cw the ropversiJn 
i gain are known; so it could then be evaluated. The c .version gdin C ~ L ~ . , , ~ . .  

I+ ?$ 

ttms,oaenre d th a slide rule. A*.; - 
Iu 

3.  Correlation With Non-Linear Space Charge Theory * b. "*Sf@& 

Calculations were made using the theory developed in the non-linear 

space charge wave analysis to demonstrate the correlation with experimental 

results. The two circuit lossless case was assumed and the experimental 

results of the X-423 low frequency backward wave converter were chosen for 
correlation. Two experimental curves of conversion gain and the theoreti- 

cally predicted conversion gains are shown in Figures 11 and 12. 
shows the correlation for the case where the oscillator helix length was 

made 35-2/3 turns and Figure 12 showa the correlation where the helix length 
was 32 turns. 
reasonable and can be used to predict results with fair accuracy. 

Figure 11 

These figures provide evidence that the analysis used is 

-4- 
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C.  Xeasurements -.- on - Slow Waje S t r u c t u r e s  

1. Cold T e s t  Pleasurenents 

During t h e  p a s t  i n t e r v a l  a d d i t i o n a l  c o l d  tes t  measurements were 

conducted on t h e  r i d g e  loaded meander l i n e ,  E f f o r t s  were concen t r a t ed  on 

o b t a i n i n g  r e l i a b l e  impedance measurements as w e l l  as a s i i n p l i f i c a t i o n  of 

t h e  c i r c u i t .  

always r e p e a t a b l e .  I n  f a c t  t h e  r e s u l t s  obtained a t  t h i s  l a b o r a t o r y  and 

ou r  C r i t i s h  a f f i l i a t e ,  Standard Telecommunication Labora to r i e s ,  are i d e n t i c a l .  

Of p a r t i c u l a r  i n t e r e s t  i s  a s i m p l i f i c a t i o n  which h a s  been made i n  t h e  meander 

l i n e .  

t h e  c o l d  t es t  measurements. It i s  seen t h a t  t h e s e  c i r c u i t s  d i f f e r  only i n  

r ega rd  t o  t h e  presence of t h e  smaller s l o t s .  

y i e l d e d  i d e n t i c a l  r e s u l t s  f o r  both t h e  d i s p e r s i o n  c h a r a c t e r i s t i c s  and i m -  

pedance t o  w i t h i n  a f r a c t i o n  of one p e r  c e n t .  The va lues  are w e l l  w i t h i n  

experimental  e r r o r .  From t h e  c o n f i g u r a t i o n s  shown i n  F igu re  13, t he  importance 

of the s i m p l i f i c a t i o n  becomes apparent  when one c o n s i d e r s  t h e  f a b r i c a t i o n  of  

m i l l i m e t e r  wave c i r c u i t s .  

c i r c u i t  which h a s  been enlarged approximately t e n  t i m e s .  

c o n s t r u c t e d  of .OO5" molybdenum s h e e t .  

mately ,OOj "  wide. 

.0001". This  c i r c u i t  was f a b r i c a t e d  u s i n g  spark machining techniques.  

The impedance measurements can  now be made r e l i a b l y  and a r e  

F igu re  13 i s  a photograph of two c i r c u i t s  which have been used i n  

Measurements of t h e s e  c i r c u i t s  

Figure 14 is a photograph of an a c t u a l  50 t o  70 G c  

The c i r c u i t  i s  

The s l o t s  and spacings are approxi-  

The p i t c h  accuracy of  t h i s  c i r c u i t  i s  i n  t h e  o rde r  of  

2. Nealc-Beam Phase l h r i d g e  !'ieasurements_ 

During the  p a s t  i n t e r v a l  work cont inued on the demountable exhaust  

s t a t i o n  i n  a n  e f f o r t  t o  ob ta in  inore d e f i n i t i v e  measurenents of  t he  d i s -  

p e r s i o n  and inpedance c h a r a c t e r i s t i c s  of slow wave s t r u c t u r e s .  

is a photograph of t h e  experimental  s e t u p .  The c i r c u i t  which i s  p r e s e n t l y  

under s t u d y  i s  a r i d g e  loaded meander l i n e  s in i l a r  t o  t h a t  shown i n  F igu re  

13, b u t  s c a l e d  f o r  ope ra t ion  i n  t h e  6G00 nu1 region.  i h i i e  zood ciispersidr'  

d a t a  were ob ta ined  wi th  l i c t l c  t r o u b i c  t h e  inpedance aeasuremeats proved 

t o  be  nuch nore d i f f i c u l t .  The br idge  impedance readings v h i c h  were < > b C a L i l c G  

were of t h e  correct nagnicuctc L o  agree  wi th  the  ~ ~ l d  c c s c  . .Lasu re r . .~ncs .  

u n i o r t u n a t e l y  however, they were d i f f i c u l t  t o  r e p e a t .  The d i s p e r s i o n  

F igu re  15 

-5- 



Figure  13 Original and Simplified Versions of the Meander L i n e  8 



F i s r e  14 Spark Machined Simplified Meander Line f o r  50 to 70 ~ c s  
Enlarged Approximately 10 Times 
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characteristics agreed within experimental error with the cold test measure- 

ments that were reported in Bimonthly Report N o .  3. The difficulties en- 

countered here have been attributed primarily to bean transmission and it 

is believed they can be eliminated with a modification of  the equipment. 

is the intension of this laboratory to continue on this work as we feel there 

are definate advantages to be obtained. 

from cold test measurements there are always ambiguities to be resolved, 

especially when a circuit is to be operated in a higher space harmonic and 

passband. 

It 

While useful data can be obtained 

3.  Construction of an Experimental 50 to 70 Gc Backward Wave 
Oscillator Tube 

Our British affiliate, Standard Telecommunication Laboratories, 

has been working on an experimental Backward Wave Oscillator f o r  the 50 

to 70 Gc frequency range. This tube is applicable to this program because 

the frequency range and type of slow wave circuit is similar to what would 

be required in a backward wave converter. The slow wave structure for the 

tube is fabricated using photo etching techniques. 

graphic enlargement of two actual meander line circuits while Figure 17 is 
a schematic representation of t he  circuit and its waveguide transitions. 

Figure 16 is a photo- 

Figure 18 is a photgraph of the  r-f portion of the tube while Figure 19 
displays the insertion loss and VSIP. measurements. At this writing initial 
operation had been obtained as an oscillator. aecause both ends of the 

circuit are available the device will also be operated as an amplifier. 

It is intended that an attenpt to operate the device as a single circuit 
converter will be made, although the i.f. detection circuit will n o t  be 

optimum . 



FIGURE 1G  TWO PHOTOETCHED 50 TO 70 Gc. 
HEiWDER LINES (ENLARGED APPROX. 6 TIMES) 
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D. Electron Beam Studies 

1. Thick Beam Optics for the Backward Wave Converter 

The aim of this study is to examine the possibility of utilizing 

a "thick" beam in the BWC in order to provide a reservoir of new electrons 
to replace thoile which have been intercepted by the circuit. 

tion which led to this suggestion is that at millimeter wavelengths the 
problem of beam transmission becomes increasingly severe. 
particular need to make the BWO section as efficient as possible, and since 

this is preceded by a relativelylong structure, the idea of utilizing a 

thick beam becomes very attractive. 

The considera- 

There is a 

In Bimonthly Report No. 3 a characteristic equation for a BWO 
interacting with a thick beam tilted at an anglee was derived. 

persion curve has now been programmed and preliminary numerical results 
have been obtained. These results s h w  the anticipated increase of 

This dis- 

starting current with 8 for small values of 8 . 
results indicate a decrease of starting current which is clearly non-physical, 
and appears to be due to certain assumptions relating to the smallness of d. 
Further study to resolve this issue is called for. 

sufficiently small 8 appear to be sound, and suggest that the increase in 
starting current, for values of 8 for which there is a considerable replenish- 
ment of current (say 8 : 
conclusion for the theoretical study, therefore, supports the original hope 

that the use of the thick beam electron optics could lead to a substantial 

easing of the electron optical problems associated with the two circuit BWC. 

For larger values of 8the 

However, the results for 

is not likely to be excessive. The interim 

In the case of the single circuit BWC, the use of the thick beam 

technique is considerably less attractive for two reasons: 

(1) In the two circuit BWC, the beam would be tilted o n l y  onto 

Thus sufficient gain the second circuit, namely, the osciliator circuit. 

would by this point have accumulated to make the  resulting interception noise 
insignificant. In the case of the single circuit 3WC there is no prior gain, 

and hence the interception n o i s e  would probably prove prohibitive. 

-7 - 
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(2) The s i n g l e  c i r c u i t  BWC i s  less than h a l f  t h e  l e n g t n  cir the  

two c i r c u i t  BWC, and furthermore,  t h e  gun is l o c a t e d  c l o s e  t o  t h e  i n p u t .  

The e l e c t r o n  o p t i c a l  problems are t h e r e f o r e  f a r  less severe,  and t h e  use  of 

t h i c k  beams would t h e r e f o r e  no t  i n  any event  be j u s t i f i a b l e .  

As w i l l  appear from o the r  

t end ing  in t h e  d i r e c t i o n  of using a 
meter wavelength device.  It is not 

f u r t h e r  e f f o r t  on t h i s  t op ic .  - 

2. Cathode Considerat ions 

s e c t i o n s  of t h e  r e p o r t ,  our t h ink ing  i s  

s i n g l e  c i r c u i t  BWC i n  t he  f l n a l  m i l l i -  

t h e r e f o r e  proposed t o  deploy ve ry  much 

The cathode and e l e c t r o n  gun requirements for  m i l l i m e t e r  wave tubes  

w i l l  t end  t o  be very much more seve re  than  f o r  comparable microwave tubes.  

T h i s  comes about p r i m a r i l y  because smaller beam dimensions are r e q u i r e d  w h i l e  

t h e  beam power levels remain r e l a t i v e l y  unchanged. 

t h a t  t he  cathode and beam c u r r e n t  d e n s i t i e s  a r e  inc reased  considerably.  Under 

t h e s e  c o n d i t i o n s  t h e  t r e n d  has  been t o  u s e  cathodes of t h e  P h i l i p s  types ,  which 

p e r m i t  l oad ing  d e n s i t i e s  of the o rde r  of s e v e r a l  amperes pe r  square c e n t i m e t e r ,  

but  a t  i nc reased  temperatures  over t h a t  of t h e  normal oxide cathode.  A n o t a b l e  

excep t ion  i s  a gun developed under t h e  sponsorship of t h e  E l e c t r o n i c  Technology 

Laboratory under Contract  Ho. AF33(616) -6441 which has an  area convergence 

r a t i o  g r e a t e r  t han  1GW. 

cathode i n  c e r t a i n  i n s t a n c e s .  The use  of t h e  h i g h e r  temperature cathodes,  

while  advantageous f o r  high c u r r e n t  d e n s i t i e s ,  are not  d e s i r a b l e  where low 

no i se  o p e r a t i o n  i s  d e s i r e d .  l n  a d d i t i o n ,  t o  conf ine  &ne excursion of e l e c t r o n s  

due to g r e a t e r  thermal v e l o c i t i e s  t h e  magnetic focusing f i e l d  must be furtnes 

i nc reased .  I n  reviewing tile cathode requirements ou r  a t t e n t i o n  was c a l l e d  t o  
1 

a cathode p r e s e n t l y  under development a t  the B e l l  Telephone Labora to r i e s  . 
suosequent ly  v i s i ted  t h e  E e l 1  people t o  l e a r n  more about t h i s  cathode.  The 

cathode comprises a r e l a t i v e l y  t h i c k  p e l l e t  of N i  powder mixed w i c h  Z r t i  on 

t o p  of which is a t h i n n e r  layer of Hi and BaCO TnLs i s  p re s sed  and then  

hea ted  t o  60OoC i n  N where rhe  Z r H  breaks down and the Z r  a l l e y s  v i t n  t h e  :ti. 

Tile p e l l e t  i s  then represscd, a i(i@b A l a y e r  of HI 1.5 r v a p d i a t e u  u i i t O  =:LE: 

t o p  surface and t h e  cathode i s  then a c t i v a t e d  dt a ni;ti temperature, C?z be i i - ' ~  

1. Pfaurer, D. W.,  BeclLer, E .  J . ,  Loontz, I '  A Sew Xrci.ci Matrix Cathi)de" 
Presented a t  the 1962 Elec t ron  Devices Neetirig, Sneraton P a r k  hotti, 
Washington, D.C. 

The r e s u l t , o f  course,  i s  

This gun would s t i l l  permit t he  u s e  of an  oxide 

We 

3' 

0 

-- 
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evolved and passing through the outer Ni layer. Ba d i f f u s e s  th:(,Lgp. L.L: 

layer and spreads evenly over it, If the cathode has subsequentiy to be 
exposed to air the Ni layer protects it from absorbing water vapor. 

densities of 1 .5  arnps/cm2 at WO'C have been drawn for $)m h r s  111 test 

diodes. 
Philips impregnated cathode. It is believed that the cathode will have the 
advantages of long life and mechanical stability because the bariated layer 

is relatively thin and the cathode operates at a relatively low temperature. 

Uniform emissivity i s  expected because the outer surface is nickel of a 

uniform texture. It is the intention of this laboratory to explore the use 
of this cathode in any future program. 

Current 

Eqilal emission can be drawn at temperatures 10Cj"C lower than the 

-9 - 



111. SUPQiARY OF THE OVER-ALL PllOGRAM 

A .  Theoretical Analysis  of  Operation of the Backward Wave Converter 

1. Introduction 

A l l  problems of physics concerned with the motion of charged p a r t i c l e s  

can be attacked by two d i s t i n c t  methods. 

u t i l i s e d ,  i.e. t he  t r a j e c t o r i e s  of individual p a r t i c l e s  itre followed while i n  

the other case a continuous f l u i d  i s  assumed where v e l o c i t y  and density var ia t , ions 

can occur. This d u a l i t y  appeared also a t  t he  f i rs t  analyses of ve loc i ty  modulated 

tubes. Webster ’ :hose the  b a l l i s t i c  analysis  whils t  Nahn and Ram0 introduced 

the concept of space charge waves. 

weak space charge and large s igna l s  and t h e  second one f inds  appl icat ion f o r  

small s igna l s  and strong space charge. Naturally both approaches can be f u r t h e r  

ref ined by including space charge corrections i n t o  Webster‘s theory o r  including 

nonlinear terms i n t o  space charge wave theory . For  t he  spec ia l  case of a one- 

dimensional beam a more general theory can be devised 

b a l l i s t i c  theory and space charge wave theory as l imi t ing  cases. 

case, however, t he re  i s  a no man’s land between the t w o  theories  where ne i the r  of 

them applies.  Thus the best  one can do  a t  the analysis  of any electron device is 

t o  i nves t iga t e  i t s  behavior 

and hope t h a t  t he  discrepancy i n  t h e  mitkllc w i l l  not be cxccssive. 

method chosen f o r  t h e  analysis  of the BWC, 

presented and it w i l l  be shown tha t  under some simplifying assumptions the r e s u l t s  

given by the two d i f f e ren t  theories a r e  very close t o  each other. 

In  one case the  p a r t i c l e  nature is  

The f i r s t  approach is useful i n  the region of 

4 

which contains both 

In the general  

a t  t h e  t w o  ends ( i . e .  b a l l i s t i c  and space charge) 

This i s  the 

Both type of calculat ions w i l l  Le 

2. Space charge wave analysis  

* T h e  r e f e r e n c e s  for t h i s  section a s  well as Appendicies I I I a n d  LV w i l l  be 
given at  t h e  end of Appendix IV. 

-10- 
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- ,  

dii f  

dz 
- =  

1 
-Vd i- - r 

V 
0 

2i 
0 

* 
(i v a b  

+ v i  *) 
a b  + 

- DC current  and  veloci ty  respcct lvely,  

- current  and veloci ty  a t  the frcquency W, 

ib # “b - current  and veloci ty  a t  the frequency LI] 

w . - reduced plasma frequency a t  w.  

d V 0  

i a S V a  ct 

qlf ~ If. 

where 1 

b 

* 
v v  a b  

V 
0 1 

The current  and ve loc i ty  a t  the frequencies w a and w b a r e  assumed t o  be 

The in t e rac t ion  independent of each other but both depend on the applied f i e lds .  

between the  waves on the s l o w  wave s t ruc tu re  and those on the  e l ec t ron  beam can 

be bes t  described with the a i d  of coupled wave theory. 

t o  use the  amplitudes of  space charge waves a s  n e w  varinblrs. 

between t h e  old and new variables i s  as follows :- 

I t  i s  convenient t he re fo re  

The r e l a t ionsh ip  

7 - electron charxct t o  mas:, r a t i o ,  

-11 - 
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. ‘w 

Res t r i c t ing  subsequently the  ana lys i s  t o  the case when w. j’w (< 1 anti 
i f  a 

og/w,. << 
system can be e a s i l y  solved. 

4 n  ( 3 )  and (4)  we g e t  :- 

1 (both f u l f i l l e d  i n  p rac t i ca l  app l i ca t ions )  t he  d i f f e r e n t i a l  equation 

Subst i tut ing f o r  t he  current  and veloci ty  from 

* 
i i f ( z )  = j w 7 (Ass - Afa  A* f b  ) dz 

a 0  
( 5 )  

where P = Ua/V0. 
ea 

Thus i f  t h e  amplitudes of t he  space charge waves a r e  known a simple 

in t eg ra t ion  y i e lds  the i-f current. 

a. Comparison of hiph QC and low QC tho r i e s  f o r  the one-circuit BWC 

A simplif ied diagram of the  one-circuit arrangement can  be seen i n  Fig. 

a’ b 20(b). 
and it i s  amplified by backward wave amplif icat ion using the  same c i r c u i t .  

i-f current  can be extracted from the  c o l l e c t o r  c i r c u i t .  

The o s c i l l a t o r  i s  working a t  co the  frequency of t he  input s ignal  i s  w 

The 

Since both the BWO and the  BWA a r e  worlung on the same p r m c i p l e  and 

(1) 

space charge waves can be Liken <is i c l m t i c a l .  This w i l l  

t h e  f o l l o n n g  form :- 

and uj, a r e  assumed t o  be very near t o  each other the s p a t i a l  va r i a t ions  of t he  
k ) t s r m i t  w r l t l n g  h n  ( 5 )  i n  

a 
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Assuming f o r  t h e  moment no losses  ( the  e f f e c t  of losses wili trt1ct,eLL 

i n  t h e  next Section) t he  conservation of enorgy implies thn t  :- 

where f i s  representing the  var ia t ion  of c i r c u i t  brave, an11 t c ( 0 )  1. 
C 

Thus i n  the  absence of losses  only the  c i r c u r t  wave appears under the  

i n t e g r a l  sign. 

Our next a i m  i s  t o  ca lcu la te  E;qn ( 6 )  both €or t h e  &wave case ( t r ea t ed  

s o  far) and f o r  the  2-wave case when the  f a s t  space charge wave i s  omitted. 

Generally both space charge waves a r e  necessary f o r  descr ibing a beam type amplif ier  

but i f  QC i s  s u f f i c i e n t l y  la rge  (P ierce ' s  space charge parameter) t h e  operation 

of t he  BWO and the  BWA can be explained by tlie i n t e rac t ion  of the  c i r c u i t  wave 

and t h a t  of t he  slow space charge wave. The advantage of  the 2-wave approach i s  

t h a t  both t h e  o s c i l l a t i o n  conditions and the amplif icat ion parameters can be 

a n a l y t i c a l l y  determined showing c l ea r ly  the  e f f  twt of different ,  fac tors .  

I n  order t o  s a t i s f y  ourselves how good the  high QC approxlrnation is, we 

compare t h e  re levant  expressions with those obtained from low QC theory (de ta l led  

ca lcu la t ions  can be found i n  Appendices LII arid I V  ). Writing t h e  gain of t he  BW.4 

i n  t h e  following approximate form :- 

w 
a 
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Similar ly  i f  w e  p l o t  t h e  var ia t ion  of t h e  c i r c u i t  wave amplitude square 

f o r  QC = 0 and f o r  high QC.we can see (Fig 23) t h a t  they  a r e  f a i r l y  c lose t o  each 

other. Taking fu r the r  i n t o  account t h a t  a t  QC = 0.25 t h e  value of CN r e su l t i ng  

i n  o s c i l l a t i o n  d i f f e r s  only by 1% from i t s  value a t  QC = 0, we can sa fe ly  come 

t o  t h e  conclusion t h a t  high QC theory w i l l  be s u f f i c i e n t l y  accurate  f o r  t h e  

present  c a l c u l  a t i  ons . 
b. High QC ca lcu la t ions  f o r  a lossy  s t ruc tu re  

A s  derived i n  AppendixIV the  i-f current  i s  given by t h e  following 

expression :- 

2 where a - a t tenuat ion  coef f ic ien t  of t he  c i r c u i t  wave and h = C fi. I t  i s  

worthwhile t o  note  t h a t  w n  (9)  is independent of w. /(“;t. 
t o  t h e  one c i r c u i t  convertor where conversion i s  proport ional  t o  o. /w i f  a 
BWA ga in  i s  inverse ly  proportional t o  i t ,as  seen i n  EQn (8). 

This i s  cha rac t e r i s t i c  i f  
while  

P lo t t i ng  F aga ins t  

fi -h 8.68 ciL ( t o t a l  c i r c u i t  l o s s )  i n  db-s f o r  severa l  values of a 

be seen ( F i g 2 4 )  t h a t  low los s ,  low value of h,  and low value of a 1 
preferable  but as t h e  funct ion is  r a the r  slowly varying none of t h e  parameters 

a r e  c r i t i c a l .  The e f f ec t  of losses  on the  length (o r  s t a r t i n g  cur ren t )  of t h e  

BWO a r e  shown by the  dot ted l ines .  A f u r t h e r  conclusion emerging from Eqn ( 9 )  

i s  t h a t  by reducing DC vol tage the  1-f current  can be increased. 

i s ,  however, not  simply inversely l i nea r  because CL and h a r e  a l s o  funct ions of 

t he  DC voltage.  

and h it can 
1 
a r e  

The r e l a t ionsh ip  

1 

The ana lys i s  f o r  a 2-circui t  BWC is  very similar as can be seen i n  

The only points  which have t o  be remembered here a re  t h a t  t h e  Appendix IV. 
gain  can be adjusted separately and conversion gain i s  proportional t o  i-f 

frequency. 

C Comparison of t h e  onc-circuit  and two-circuit BWC 

A q u a l i t a t i v e  comparison is glvrn i n  Table I ,  t he  + and - signs 

The on(.-circult BWC can b e  denoting advantage and disadvdntdge respcct i  vely. 

used only i f  t h e  required I-f frcqucxncy i s  h e ’ l l  h i t h i n  t h e  mp! i f i ca t ion  r e g i o n  

of t h e  BWA. I n  t h i s  case,  however, larger jidiii (.a b t a  a c h i c v d  because 

i n s t a b i l i t y  i s  no 1ongf.r danger. If w e  , Is>tune i den t i ca l  gain the 1-f c u r r m t b  

obtained by the  two tiif f ercnt  arrangwnents c o n i y x t r c  as follows 

-14- 
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r 

one-circuit + + - - f 
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1-f current  two-circuit - P - 
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' i  L 

1-f cur ren t  one-circuit 

i 
noise  

- 
.-___ __._ 

+ 

a 
2d where y = - 

c s  

P lo t t i ng  a n  (12) i n  F ig  a agains t  fi it can be seen that,  f o r  a 

l o s s l e s s  s t ruc ture  the  two-circuit arrangement i s  somewhat b e t t e r  but as the  

lo s ses  increase  t h e  s i t u a t i o n  i s  reversed. 

TABLE 1 

3. BallietLc Analysis 

An approximate analysis of the backward wave converter was obtained 

by Dr. Murray S i r k i s  using a simple ballistic analysis. 
as Appendix I of Bimonthly Report No. 2. The simple analysis was then ex- 

panded by investigating the parameter)( and the dependence of current ampli- 

tude on the position along the trajectory which were presented as Appendices 
X and 11 of Bimonthly Report No. 3. The analysis was then further extended 

to include the effects of space-charge and of the eosinusoidal envelope of 

the electric field. These extensions are included BS Appendices I and 11 of 
this report and w i l l  not be expanded upon further ir. LhLs section. 

This was presented 

-15- 





c 

L 

4. Comparison of space charpe wave and b a l l i s t i c  anal.yses 

Space charge wave theories  have been very successful  i n  p r w i i c  tirig 

t h e  low leve l  operation of e lectron beam devices and even nonlinear >henomend 

can be tackled by using higher order perturbatlons.  The f i r s t  e f f e c t  of non- 

l i n e a r i t y  can be r e l a t i v e l y  eas i ly  obtained but the  disadvantage of t h l  s mc>tliod 

is  t h a t  it f a i l s  t o  pred ic t  sa tura t ion  e f fec ts .  

possible  but ana ly t i ca l ly  in t rac tab le .  

a b a l l i s t i c  analysis f o r  t h i s  purpose as done i n  Appen. I & 1LFrirthr.r d v m t u g ( '  

of b a l l i s t i c  theory t h a t  t he  conclusions a r e  not  r e s t r i c t e d  t o  s tar t  of 

o s c i l l a t i o n  conditions.  I t  i s ,  however, l e s s  f l e x i b l e  which means t h a t  two 

separate  analyses would be needed f o r  the  one-circuit and  two-clrcuit BWC. 

A second order theory i s  

Thus i t  i s  much more convenient t o  employ 

The i-f currents  given by the  two d i f f e ren t  theor ies  f o r  a l o s s l e s s  

two-circuit BWC a r e  as f o l l o w s  :- 

from bal l i s t i c  theory and 

from 4 n  ( A . 1 6 )  of space charge wave theory subs t i t u t ing  ( x  = 0. 

The two express~ons  do not seem t o  agree a t  f i r s t  s ~ g h t  b u t  thl., 1 . -  ( ~ I . ~ P  

t o  t h e  unfortunate f a c t  of ciifftlrent n o t a ? , ~ o ~ i >  and dlfferer l t  ~ a r i a b l e s .  l f  

t&e i n t o  account t h a t  

and 

.- 

-I&- 



i 
it can be easily shown that t h e  t w o  formulae &re identical [)ut  f o r  <. \ ' ons t an t  

f a c t o r  w h c h  is 

This agreement i s  very encowaging arid gives confidcrwe i n  t h r ,  va 1 i t i :  tj 

of both theories. 
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B. Slow Wave Structures 

1.Choice of Slow-wave Structure 

L 

" 
.- 

In considering the most suitable type of slow wave structure f o r  the 

convertor we have to bear in mind that the requirements of over-riding importance 
are low noise and high efficiency; other desirable features are small size and 
low weight. To these, the designer of a millimeter tube must add the desirability 

of a structure which i s  easy to fabricate. 

The efficiency of a backward wave oscillator under the low space charge 

conditions occurring in millimeter tubes is proportional to the Plerce parameter 
C ' where C 3  = - K vo and K is the interaction impedance of,the space harmonic 

410 
in use, V is the beam voltage and I the beam current. The theoretical analysis 

of convertor operation suggests that V 

to obtain as high an efficiency as possible K should be as high as possible. 

0 0 

should be kept as low as possible and hence 
0 

Of the circuits which have been studied the helix and ladder type circuits 

all have high interaction impedances compared with the coupled cavity circuit. 

latter, therefore, although it has been used successfully for backward wave 

oscillators is not very suitable for this application, especially as it may not 

be possible to take advantage of one of its important properties, high heat 

dissipation, because the low noise requirement may necessitate small interception 
of the beam by the circuit if a single circuit is used in the convertor. 

T,he 

The simple helix is a very good circuit in theory but at millimeter 

wavelengths is very small and difficult to make and, unless unconventional methods 

are used to support it, has very poor heat dissipation indeed. 

hold,with stronger force, in the case of the bi-filar helix. The ring and bar 

structure is more rugged but it has the property, exploited when used for high 

power forward wave amplifiers, that the fundamental f orwartl wave is increasw!  t t t  

the expense of the harmonics. 

The same objt ,c t , ior is  

The  ladder type structures considerd arc the interdigital line, tlic 

Karp and -4nti-Kdrp structurc.s and the ridge 1 oaded nicwuicbr 

line involves t h c  prubltn of' intcirmt.shing two structures, as docs tlie D1-fi i L t  :i x .  

rh i s  i b  not only  

more difficult the dttdinment of 1,ht. symriichtq r t q u i r e d  t o  avold <I s l o p  oanJ ,it 

1 int?. The interaLgitd I 

difficult construct~onat problem in i t s e l f  btit it m,tkc.s c.  i I t i i t s  

i = n in these bi-periodic structures. Tht ,  i n l  e r t l ig i ta l  1 i n e ,  aritl-hctr.p 

structure and the bi-filar helix have bacLward funtfcmer~t;tl sp.tci' harironich, h.11 c l i  

1. Grow,  R.W., Watkins, D. A . ,  "Backward Wave Oscillator E f f i c i e n c y "  

- i8 
Proc. IRE P W ,  July 1955. 



r e s u l t s  i n  a high impedance but also makes them impossibly small a t  mill imeter 

wavelengths, e spec ia l ly  i f  V has t o  be kept low. On t he  other hand the  next 

backward harmonic would have too l o w  a value of K.  A t  these frequencies t h e  use 

of the  f i r s t  backward harmonic of a forward fundamental seems optimum. 

0 

This leaves t h e  Karp s t ruc tu re  and the r idge loaded meander l i n e  as 

being the  most promising c i r c u i t s  f o r  use i n  a mill imeter backward wave 

convertor,  because of t h e i r  r e l a t i v e l y  high impedance, reasonably good hea t  

d i s s ipa t ion ,  large s i z e  and ease of construction. 

t he re fo re  been made of these t w o  s t ruc tu res  and t h e  r e s u l t s  a r e  discussed below. 

The Karp Structure  and the  Ridge Loaded Meander Line 

A de ta i l ed  ana lys i s  has 

The ridge loaded meander l i n e  i s  shown diagrammatical ly  i n  F i g .  26, 
which d e f l n e s  t h e  phys ica l  parameters.  

impedance of -2 space harmonic, which is t h e  space harmonic s u i t a b l e  f o r  back- 

ward wave ope ra t fon  were ca l cu la t ed  and presented  i n  Bimonthly Report  No. 2. 

Dispersion curves  and curves  of t h e  

These were p l o t t e d  

P e r  
are 

are  

the 

bar  and t h e  -2 

parameters  and 

as t h e  normalized frequency f '  a g a i n s t  , t h e  phase change 
d 

space harmonic impedance Zm2 a g a i n s t  f ' .  2 , - and U 
P q  

f '  = f / f o  

f i s  t h e  frequency ,. 
L f - -  

0 - 4b 

c i s  the  ve loc i ty  of l i g h t  

a = a/b 

The Karp s t ruc tu re  is shown diagrammatically i n  Fig 27 and Flg 26- 42 
curves of t he  dispersion and t h e  impedance of the -1 space harmonlc which 1s 

harmonic i n  t h i s  s t ruc tu re  most s u i t a b l e  f o r  backward wave operation. The 

curves are presented i n  t h e  samc f o r m  as those f o r  t he  rLdge loaded meander l ine .  

Examination of %kit. c u r i e s  Aiows t h a t  k i t h  bo th  c i r c d i t s , a s  t he  r i d g e  I S  

w1 brougnt c lose r  t o  t he  line (L.c. as - i s  decreased) t h t  bandwidth increases.  
P 
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Figu:e 26 
Ridge Loaded P1ea:ider Line 
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Symmetrical Karp Structure 

Figure  27 
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is  very large,  the Xarp c i r c u i t  has very l i t t l e  biuidwidti-1, However, when - 
whi le  t h a t  of t h e  r idge  loaded meander l i n e  i s  s t i l l  q u i t e  considerable. In 

f a c t ,  i f  t h e r e  i s  no r idge  a t  a l l ,  t he  bandwidth of t h e  Karp c i r c u i t  i s  z e r o  

while t h a t  of t h e  meander l i n e  i s  67% (one octave frequency coverage). On t h e  

other  hand, as t h e  ridge i s  brought nearer t o  t h e  c i r c u i t  t he  impedance of t h e  

ridge loaded meander l i n e  fa l ls  but t h a t  of t he  Karp c i r c u i t  remains rclati .vr. ly 

unchanged although t h e  value of f '  a t  t h e  cent re  frequency f a l l s  i n  t h e  h r p  

c i r c u i t ,  thus  reducing t h e  width of t h e  c i r c u i t  and hence the  ava i lab le  bcam 

cross-section. Thus while t h e  value of f" a t  t h e  center frequency i s  ty-pically 

1 . 5  f o r  t h e  r idge  loaded meander l i ne ,  whatever the  degree of loading, f o r  a 

broad  band Karp c i r c u i t  it might be as low as 0.8 and hence the  former c i r c u i t  

would have almost twice the  width 09 t h e  l a t t e r .  

Y 
P 

For t h e  Karp s t ruc tu re  ( A  i s  a rneabure of t he  wldth of t h e  ridge. 

Variat ion of cy has very l i t t l e  e f f ec t ;  a = 0.5 gives  the  optimum bandwidth and the  

impedance decreases slowly as a increases.  I n  making ca lcu la t ions  on the  r idge 

loaded meander l i n e  the  separation of the coruiectlng links has been taken equal 

t o  the  width of t h e  r idge,  althougti it i s  not  e s sen t l a l  t h a t  t h i s  be so. 

t h i s  case va r i a t ion  of a has much more e f f ec t .  As (1 i s  increased the  irnpeddncc, 

increases  considerably. A l s o ,  as ul rises above 0.5 the bmdwidth f a l l s  sharpl). 

From ca lcu la t ions  and measurements made on the unloaded meander l i n e  I t  I S  krlokn 

t h a t  t h e  input  match has t t u t  byoadc>st band whcxn tx = 0.4. 

most s u i t a b l e  value f o r  u unless bandwidth has t o  be s a ~ r ~ i f l c e d  t o  obtain tkli. 

h ighest  values of' rrnpedsnc.(i. 

I n  

Thib 1s therefore t h c  

- 2 0 -  



L 

or experimentally, the value of 0.5 will serve as a rcasonable compromise on 

grounds of mechanical strength and thermal dissipation, 

has been made in w 2  In order to reduce the number of variables, - P 
all cases. 

but in practice the impedance has dropped to a very low value in this region, 

In a practical case where W 
expression 

This means that in theory the circuits operate down to zero frequency 

is finite the lower cut off may be found from the 2 

W. - I = tan ka tan k(b-a) where k = 2n/Xo w, 

w2 . Where - is 5 o r  greater the useful part of the dispersion and impedance plots 

will not differ-greatly from those given. 
P 

.- 

For our  purposes the optmum parameters for the ridge loaded meander 

line may be taken as a = 0.4, 

d/ = 0.5 ( Figures 36 and 37 ). For the Karp circut, if we consider that Q 
W / 1 P  
bandwidth of 2w0 can be obtained if somc-what arbztrar~l-y .E*& require that the 

variation of impedance over the bard should  n3t  x-ec, O”-i. A rea-onable 

target for bandwidth 1s that of a normal ~ a v e p ~ d e ,  - * e s  @. T- 0stax.n 

d/ = 0.5 and f o r  the Karp circuit, J = 0.5, 
9 

= 0.25 brings the ridge as c lose  to the linF 3s  1- practiskule, then a 

value of K / or’ 0.1 wodd be req.Lirl.7 rnakiq m t  1?aLrLL 1 -- r-, .! 7’1 i p  1 P  
of the order of 0.001 irl. AT 5 C  K Y  5,ing t , i i  ziagt L i d ( ? e ~  

circuit a 4w0 bandgldti, - , o u ~ d  be o i  le& V I  * .p i,fip-dsnce riL IU J f  100 i ~ f  d 

ridge separation 0.. “r 

for the Karp circu;t b;. 4 f a c t o 2  of > 

= 1.75 alt the irnpc-danc> v d u s s  hould De l v r e r  man ) F  
ThLs - 3  -I,.+, a-g?  f a c t o r  wnen it 

is remembered that C 1- pr3portioral ,lie cui‘cd roat k i~ l~? .  AIso. !+’hert72: 

$he impedance of the L r p  circuit IS rl steepi) r is- lkg I <  Id irque.1c.. 4 v c r  

the whole range., the impedmce of t i l    age i c d &  .mbt i ri. rsaches L i< ,x i in i r r  

and then falls &gain. rence theit- -.- I 2 r e q A ~ n L y  irgt  ,*?: k r 1 ~ i L . h  zcc~e 

1s  fairlj- constai i t  and ~~~~s can D+ nc -eases, at ~ X L I C  J i f ’  a f~x-tlL-. :a,i 

in impedmce, 3)  reducing 

I 3 -  

w ?  

I t  shodd bt ventloner P b h d t  ibic : ~ y i ~  1 : -1 ( 1 3  -?,,ci f(or t i i t  

Farp circliit c)cc u cluac t c ,  tht ,h f . r eqwnL> : - . S I  r t>+ T t l * > ( ‘ ? \  IS If 
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r e l i a b l e  and therefore  r e s u l t s  i n  t h i s  region have t o  be t r ea t ed  with caution. 

This does not  apply t o  the  r idge loaded meander l i n e  where the  highest  1mpedanct.s 

occur well  away from the  cut-off frequency. 

To summarise, the  Karp c i r c u i t  has the  highest  impedance but has small 

bandwidth with the  impedance varying rap id ly  over t he  band. The l a t e r a l  dimmsl om 

of t he  c i r c u i t  a r e  small, r e s t r i c t i n g  the  beam area. 

l i n e  has lower impedances but a broader bandwidth with t h e  impedance more constant 

over t he  band. This is  an important point  i f  we wish t o  hold the conversion 

e f f ic iency  constant  over t he  band. 

impedance can be t raded aga ins t  magnitude over a wide range by the  choice of 

r idge  t o  c i r c u i t  separation. 

dimensions, giving a g rea t e r  beam area. I t  i s  therefore  considered t h e  more 

su i t ab le  c i r c u i t  except possibly f o r  appl ica t ions  where the  highest  e f f ic iency  

i s  required a t  whatever cos t  i n  bandwidth. 

The r idge loaded rncantler 

I t  has g rea t  f l e x i b i l i t y  because constancy of 

In  addi t ion ,  the c i r c u i t  has grea te r  l a t e r a l  

2. C i rcu i t  Loss 

C i r c u i t  l o s s  i s  known t o  be important i n  t h e  operation of mil l imeter  

backward wave o s c i l l a t o r s  and the theo re t i ca l  ana lys i s  of t h e  convertor a l s o  

ind ica tes  t h e  importance of keeping c i r c u i t  l o s s  t o  a minimum. The ca lcu la t ion  

of l o s s  f o r  t he  various types of c i r c u i t  i s  a d i f f i c u l t  problem but sane approximate 

ca lcu la t ions  have been made which ind ica te  t h a t  t he  l o s s  does not vary very g rea t ly  

between one type of c i r c u i t  and another. However, t he  measured lo s s  of  s t ruc tu res  

i s  found t o  be many times grea te r  than t h e  ca lcu la ted  values. 

discrepancy i s  undoubtedly due t o  t he  d i f fe rence  between bulk and surface coritiuct- 

i v i t y  and t h e  presence of braze mater ia l s  e t c ,  but t he  g rea t e r  p a r t  must a r i s e  

from i r r e g u l a r i t i e s  of const,ruction. P i tch  i r r cgu la r i t i - e s  a r e  probably t h e  most 

important source of loss  i n  mill imeter s l o w  wave c i r c u i t s  and therefore  it, i s  

important t h a t  they be kept t o  a minimum. 

Some pa r t  of t h i s  



C.  E lec t ron  B e a m  Cotlsiderations 

1. The E lec t ron  Beam 

The Karp s t r u c t u r e  and t h e  rldge loaded meander line a r e ,  i n  t h e i r  

simple form, p l ana r  s t r u c t u r e s  and as such provide a l a r g e  i n t e r a c t i o n  

c r o s s - s e c t i o n ,  p a r t i c u l a r l y  t h e  r i d g e  loaded meander l i n e  which has a 

g r e a t e r  wldth than the  Karp s t r u c t u r e .  T h i s  i s  a n  important p o l n t  because 

a t  t h e s e  f r equenc ie s  t h e  f i e l d s  f a l l  o f f  ve ry  r a p i d l y  away from t h e  s t r u c -  

t u r e  while ,  t o  achieve l a w  nolse opera t ion ,  some c l e a r a n c e  must be l e f t  

between t h e  beam and t h e  c i r c u i t  t o  avoid i n t e r c e p t i o n .  It would t h e r e f o r e  

appear  t h a t  p l ana r  c i r c u i t s  u s ing  s t r i p  b e a m  are i d e a l  f o r  t h i s  a p p l i c a t i o n .  

There are d i f f i c u l t i e s  however. There is n o t  a g r e a t  d e a l  of experience In 
t h e  design of s t r i p  beams and problems may arise In c o n s t r a i n i n g  t h e  edge 

of t h e  beam i n  t h e  gun r eg ion  and i n  prevent ing t w i s t  of t h e  beam and con- 

sequent i n t e r c e p t i o n  on t h e  c i r c u i t .  

The usua l  arrangement I s  f o r  t he  s t r i p  beam t o  l i e  on one slde of 

t h e  c i r c u i t  (F ig .  49). 
and t h e  c i r c u i t  i t  may be p r e f e r a b l e  to have two c i r c u i t s  w i th  t h e  beam i n  

between them ( F i g .  43B). 
t h e  advanced technology of c i r c u l a r  beams t h i s  could be done by maklng a 

f u r t h e r  mod i f i ca t ion  (F ig .  49). However, I f  i t  is t he  r i d g e  loaded meander 

line w e  are cons ide r ing ,  t he  c i r c u i t  I s  now very sinilar t o  a stub supported 

r i n g  and b a r  c i r c u i t  I n  which, as we have a l r eady  discussed,  the fundamental 

is i nc reased  a t  t h e  expense of t h e  harmonics. 

mod i f i ca t ions  of t h e  simple c i r c u i t  have success ive ly  reduced t h e  impedance 

of t h e  d e s i r e d  harmonic. This  s u b j e c t  r e q u i r e s  f u r t h e r  study be fo re  t h e  

r e l a t i v e  importance of t h e  va r ious  f a c t o r s  can b e  a s ses sed .  

I n  order  t o  allou g r e a t e r  c l e a r a n c e  between t h e  bean 

I f ,  however, i t  i s  d e s i r e d  t o  t ake  advantage of 

Thus w e  may f i n d  t h a t  our  

- 2 3  - 
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2. Noise 

The noisd perfurmince 3 5  t h e  BWC i s  of c r i t i c a l  importance i n  

most of tne  p ro jec t ed  app l i ca t ions .  

v e r s i o n  processes  i n  a BWC woula be  very involved,  t h e  e f f e c t  ut' the  non- 

l i n e a r i t y  being t o  permit  con t r ibu t ions  t o  t h e  output  no i se  from a l a r g e  

number of frequency bands. Experience i n  t h e  p a s t ,  p a r t i c u l a r l y  wi th  the  

l o n g i t u d i n a l  space charge wave a m p l i f i e r  has  taught  t h e  l e s son  t h a t  t h e  

neg lec t  of h igher  order  s i d e  bands may, i n  c e r t a i n  c i rcumstances,  l ead 

t o  e n t i r e l y  erroneous conclusions.  Nevertheless  w e  feel  t h a t  i n  t h i s  

case simple cons ide ra t ions  involving only s i g n a l ,  l o c a l  o s c i l l a t o r  and 

i . f .  f requencies  do l ead  t o  a c o r r e c t  understanding of t h e  behavior,  and 

experiments which have been conducted on low frequency tubes  support t h i s  

view. 

A d e t a i l e d  theory of a l l  ::e noisc con- 

I n  d i s c u s s i n g  the noise  behavior ,  we w i l l  cons ider  the  s i n g l e  

c i r c u i t  and two c i r c u i t  BWC s e p a r a t e l y ,  T h e  s i t ua t . i on  i n  t h e  l a t t e r  i s  

i n h e r e n t l y  s impler  and w i l l  be d iscussed  f i r s t .  

a .  The '2 C i r c u i t  BWC 

The f i r s t  p a r t  of the BWC c o n s i s t s  of a convent ional  BWA, and 

t h e  theory of t h e  no i se  i n  this case has been very f u l l y  worked ou t .  Tne 

c l a s s i c a l  theory  p r e d i c t s  t h a t  no i se  temperatures  of t h e  order  of t h e  

cathode temperature  can be acuieved, and a cons ide rab le  body of more 

r ecen t  work  has  shvwn thatl by the u s e  of s u i t a b l e  d r i f t  reg ions ,  i n  t h e  

very  l o w  v e l o c i t y  reg ion  i n  ti,e immediate v i c i n i t y  o f  Lhe p o t e n l i a l  m1Di.- 

mum, there i s  no fundamental L L i i t  t o  Lire cx tenc  to  whicn the  no i se  can oe 

reduced. Provided t h e  Earn i n  the 3WA s e c t i o n  is s u f f i c i e n t l y  l a r g e ,  i: i. 

a t  once clear t h a t  t he  o v e r - a l l  no ise  ~ i g u r e  of  he BWC w i l l  be chac a f  t L L L a  

SWA. I n  practice,  however, tile gain ria11 n c t  oe s u f L x L r n L l y  g ; ~ e d ~ ,  and 

otaer e f f e c t s ,  p a r t i c u L d r i j  I presence  o f  . i > - > d  .:le r - r  frcqucnc,  

or i ; ina t ing  a t  :he c ~ ~ i , o ~ t e  . L L S ~  L e  cb~ i I . ,&  lere 1. Ld1i. i  

I IL bC5L * ) C l - * c . :  'u-.c\'5 b J: 1" 1L'Lse ? H A '  I 

ana TWY's ire :nVa:Lcu, ,  . jLUIL . t j  L ~ i i i i ,  it:;' ,U t,, . - .> i , * , , ~ a ,  2 c b k L  -. 
w h l c n  is not  open L O  b 2  P G   ha, ~ 1 . e  ;)cci:d < : L . L c . ~ ~ L ~  U - l L c . -  S . ~ ~ I ! . C L ~ G L L >  
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l a r g e  t o  b r i n g  t h e  o s c i l l a t o r  s e c t i o n  to K r eg ion  of e f f i c i e n t  oscliiat...??. 

It should be emphaslzed t h a t  t h e r e  is no fundamental reason why t h e  c u r r e n i  

must be very low. The reason f o r  t h e  cho ice  of a low c u r r e n t  l i e s  i n  t h e  

need t o  o b t a i n  a p a r t i c u l a r  p o t e n t i a l  p r o f i l e  i n  t h e  gun region,  which 

implies a r e l a t i v e l y  low f i r s t  anode vo l t age .  There i s  no reason t o  expect 

t h a t  t h e  change t o  s u b s t a n t i a l l y  l a r g e r  c u r r e n t s  t han  normally used i n  a 

l o w  n o i s e  tube should have a d r a s t i c  e f f e c t  on the  n o i s e  performance. 

Experiments c a r r i e d  out  a t  .5 kax on a two c i r c u i t  BWC have i n  f a c t  l e d  t o  

n o i s e  f i g u r e s  around 8 db. 

I n  cons ide r ing  the  a d d i t i o n a l  noise  a r i s i n g  from a l i m i t e d  amount 

of g a i n  i n  t h e  BWA s e c t i o n  we must cons ide r  the n o i s e  introduced d i r e c t l y  

a t  the  i-f frequency and a l s o  n o i s e  a t  t he  l o c a l  o s c i l l a t o r  frequency. 

F o r t u n a t e l y  i t  t u r n s  out t h a t  the l a t t e r  is a second o r d e r  e f f e c t ,  and t h a t  

on t h e  b a s i s  of known BWO no i se  behavior is e n t i r e l y  n e g l i g i b l e .  We tu rn ,  

t h e r e f o r e ,  t o  a c o n s i d e r a t i o n  of t h e  n b i s e  i n  the  i - f  channel .  

L e t  Ns be t h e  e f f e c t i v e  beam noise  a t  t n e  s i g n a l  frequency a t  t h e  gun 

and 

end of t h e  tube 

Nif t h e  e f f e c t i v e  no i se  a t  t h e  i . f .  

It  is usua l  t o  re la te  t h i s  noise  t o  t h e  cathode temperature Tc ( even  thou;;;? 

i t s  p h y s i c a l  n a t u r e  is q u i t e  d i s t i n c t  from Johnson n o i s e ) ,  and can b e  ex- 

pres sed  i n  t h e  f o r m  

N -- icr2 Tc df 
$3 

and 

The r 
t heo ry  of g r i d  cone ro l l ed  low ireqclency tubes. The utrmericcll v a l u e  ai c l l L 2  

f a c t o r  is not  easy tc ~ I - ~ J L L L  ascbrar-ely, SUL ~n t y p i c & l  i u w  rrequericy. 

c o n d i t i o n s  l i e s  i n  the  ran,:e U . U ~  to b.l .5- I A  the f ~ ~ l ~ j ~ ~ A ~ i g  we w i l l  bda . L 
8 f i b a r e  of 9.1. L m  trerjueilcy here  neazs sp to# L J ~  &. A t  n i g h e r  t i e -  

quenc ie s  T r ises  u n t i l  i t  ap2roaches u n i t y  a t  low microwave i r eqLencz t= .  

f a c t o r  i s  t h e  space charge smoothing f ac to r  ksed i n  t h e  n o i s e  

2 

2 5  



The J'* f a c t o r  w i l l  be greater than u n i t y  as a r e s u l t  oi L 3 3 5 ,  

p a r t i t i o n  no i se ,  and d e f e c t s  i n  t h e  space charge wave matching r e g i o n .  

The p r a c t i c a l  f i g u r e s  which emerge are w e l l  Known from experience w i t h  

o rd ina ry  BWA'S and T W ' s ,  and depend mainly on the  frequency. The use  

of guns which provide a s u i t a b l e  d r i f t  r eg ion  immediately i n  f r o n t  of 

t h e  cathode p o t e n t i a l  minimm can l e a d  t o  z 2  less t han  u n i t y , - - t h e  b e s t  

performance a t  r e l a t i v e l y  low microwave f r equenc ie s  being of t h e  o rde r  

of 0.2. 

t h e  v a l u e s  which can be a n t i c i p a t e d  a t  m i l l i m e t e r  wavelengths a r e  of  t h e  

o r d e r  of 10. 

However, combining a l l  t h e s e  ( p h y s i c a l l y  q u i t e  d i s t i n c t )  f a c t o r s ,  

The n o i s e  f i g u r e  of an  a m p l i f i e r  can be de f ined  as t h e  no i se  

ou tpu t  r e l a t e d  t o  t h e  n o i s e  output f o r  an i d e a l i z e d  amplf ier  of t h e  same 

gain,  which does not  i t s e l f  c o n t a i n  any sources  of noise .  

t o  d e f i n e  t h e  n o i s e  f i g u r e  i n  terms of a s i g n a l  source a t  an  ambient 

temperature  of T = 300°K. 

t h e  a m p l i f i e r  'is used i n  "cold sky" a p p l i c a t i o n s  where t h e  e f f e c t i v e  

source n o i s e  may correspond t o  a very low n o i s e  temperature,  t he  no i se  

f i g u r e  as de f ined  above, does n o t  d i r e c t l y  ref lect  t h e  e f f e c t i v e  sensitivity 

of t h e  c o n v e r t e r .  It  should be noted t h a t  i n  an  a p p l i c a t i o n  where t h e  sun 

is used as t h e  e f f e c t i v e  s i g n a l  source t h e  source no i se ,  where "noise" Fs 

now de f ined  as undesired random s i g n a l s ,  may a g a i n  be very low. 

It i s  usual  

It should, of course,  be apprec i a t ed  t h a t  if 

We can  w r i t e  the noise  f i g u r e  NE' i n  t he  form, 

NF = (GN + GkTdf + Nif)/GkTdf 
S 

where G i s  t h e  o v e r - a l l  conver t e r  g a i n  (expressed as a power r a t i o ) .  

t h e  n o i s e  terms i n  t h e  form used above, we 'nave 

Writini; 

2 b  - 



sink t o  -15 db be fo re  the i - f  signal makes a s e r i o u s  c o n t r i b u t i t . i .  

f o r  a s u b s t a n t i a l l y  h ighe r  i.f., where r might be of 1;he order of  L . 5  ana 

a BWA u s i n g  an  u l t r a  low n o i s e  gun where g2 might poss ib ly  be a s  low as  6, 
t h e  i-f n o i s e  would begin t o  make a n o t i c e a b l e  c o n t r i b u t i o n ,  f o r  a conversion 

g a i n  which w a s  only nega t ive  by a few db. 

i n d i c a t e  our conc lus ion  on optimum des ign  ( t h e  h ighe r  i - f  frequency inLght 

f o r  example l e a d  t o  a n  improvement in G which would outweigh t h e  i n c r e a s e  

in r 

. I C I J ~ ~ V L ' Z ,  

T h i s  example is n o t  intended t o  

2 ), bu t  serve mere ly  t o  i l l u s t r a t e  t h e  above r e s u l t s .  

b. The S i n g l e  Circui t .  BWC 

In  the  case of t h e  s i n g l e  c i r c u i t  c o n v e r t e r ,  t he  ga in  and frequency 

conve r s ion  func t ions  are no longer s e p a r a t e .  However, w i th  t h e  assumption, 

a l r e a d y  d i scussed  i n  t h e  c a s e  of t h e  two c i r c u i t  conve r t e r ,  t h a t  t h e  no i se  

introduced by t h e  o s c i l l a t o r  can be neg lec t ed ,  t h e  n o i s e  s i t u a t i o n  w i l l  b e  

ve ry  similar, w i t h  one s i g n i f i c a n t  except ion.  The s i n g l e  c i r c u i t  convexter  

has no d i s c r i m i n a t i o n  a g a i n s t  t h e  image frequency, so t h a t  n o i s e  e n t e r i n g  

on t h i s  band w i l l  make an equal c o n t r i b u t i o n  to  the  u l t i t na t e  i-f no i se .  

The equa t ion  for t h e  no i se  f i g u r e  then  becomes, 

N F = l + - ( ( y  % 2 + - )  r 2  
T G 

The d e t e r i o r a t i o n  of t h e  noise  f i g u r e  by 3 db r e l a t i v e  t o  t h e  two c i r cu i t  

c o n v e r t e r  is fundamental, and is t h e  p r i c e  which m u s t  be pa id  f o r  t h e  

g r e a t e r  s i m p l i c i t y .  

It should 'De ein;s;:asized t h a t  t h e r e  are u a n y  sources cf noise ,  

such as i n t e r c e p t i o n  no i se ,  secondary emission no i se  e ~ c .  which have not 

been considered above. 
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of i n t e r n a l l y  generated i - f  noise  i s  r e l a t i v e l y  s l i g h t .  iiowever, as &:;e 

conversion ga in  becomes sma l l e r  t h e  d e t e r i o r a t i o n  becomes more riiarLteci, 

u n t i l  a t v e r y  l o w  conversion gains,  the no i se  f i g u r e  i n c r e a s e s  d i r e c r l j i  

w i t h  t h e  magnitude of ( n e g a t i v e )  G.  T h i s  example shows the  importance 

of  ach iev ing  conversion g a i n s  not t oo  f a r  below i lni ty  i n  a s i n g l e  c i r c u i t  

BWC. T h i s  p o i n t  w i l l  be discussed f u r t h e r  i n  connect ion wi th  the proposed 

cho ice  of i - f  frequency f o r  t h e  s i n g l e  c i r c u i t .  

c. Minimum Detectable  Signal  

I n  a s i n g l e  frequency low no i se  TWT, a knowledge of t he  no i se  

f i g u r e  s u f f i c e s  to compute t h e  minimum d e t e c t a b l e  signal.. I n  the  case  of 

t h e  BWC it t u r n s  out t h a t  t h i s  i s  not  s t r i c t l y  t r u e  under c o n d i t i o n s  when 

t h e  i - f  n o i s e  i s  s i g n i f i c a n t .  The reason l i e s  i n  the  f a c t  t h a t  t h e  con- 

v e r s i o n  g a i n  G as used above r e l a t e s  t o  t h e  i n t e r n a l  convers,ion ga in  

(e .g . ,  t he  i n c r e a s e  i n  t h e  e f f e c t i v e  r-f c u r r e n t  squa red ) ,  and i s  not t h e  

q u a n t i t y  measured, which depends a l s o  on the  e f f e c t i v e  i - f  impedance. I t  

is, n e v e r t h e l e s s ,  of  some i n t e r e s t  t o  compute t h e  o rde r  of magnitude o f  

t h e  minimum d e t e c t a b l e  s i g n a l ,  on t h e  assumption t h a t  t he  observed and 

t r u e  i n t e r n a l  conversion gains  do not d i f f e r  i n  o r d e r  of magnitude. 

'We can  r e t u r n  t o  the same example considered i n  F ig .  4;. Assunins 

t h a t  t h e  i - f  bandwidth is 2 mc, w e  o b t a i n  the minimum d e t e c t a b l e  s i g n a l ,  

assuming t h a t  t h i s  l i e s  3 db below t h e  no i se  l e v e l .  

The above c o n s i d e r a t i o n s  are of a general  na tu re ,  and tile n o i s e  

problem i s  c e r t a i n l y  one wnich r e q u i r e s  f u r t h e r  and more d e t a i l e d  s tudy.  

However, t h e  conclusion based on these c o n s i d e r a t i o n s  i s  t h a t ,  prcivided 

t h a t  &ne conversion ga in  o f  a s i n g l e  c i r c u i t  EWC can  xeacii va lues  no l e s s  

Lnan -10 db, a minim- deccc taLle  s i g n a l  of t h e  o rde r  of -1oc' G5Xi  sh(/LlCi 

r e p r e s e n t  an a t t a i n a b l e  c a r g e t  a t  n i l l i n e t e r  wavelrnjcns.  



IV. CONCLUSIONS AND RECOMMENDATIONS ~ ~ _ _ _ _ _ _ _  L 

A.  Estimated Power and Magnetic Field Rcqurernclnth 

I t  i s  estimated t h a t  a tube using the ridgc. I o a t i ~ d  mcsanclc.r l i n e  arid 

operating over t h e  range 50 - 75 kMc/s w i l l  r cqui re  a current  of 1 0  rnA <Lt 

maxlnum vol tage of 4 . 5  kV and hence a maximum b e m  powcr of 45 h a t t s .  T o  t h i s  

d l  have t o  be added sornci allowance f o r  heater  power. This ca lcu la t ion   cis^^^^ 

t w o  s t r i p  beams, one on e i t h e r  s ide of the  c i r c u i t ,  having a cur ren t  d e m i t )  of 

1 amp/crn which does not require  a convergent gun. The c i r c u i t  w i l l  be 1 in. 

long and the  gun w i l l  probably be of equal length. 

2 

If w e  consider t he  space charge forces  on an e lec t ron  on t h e  surface 

o f  a s t r i p  beam, it has a t r a j ec to ry  given by t h e  expression :- 

, 
. L  

where Y = y/ 

t o  t h a t  of t h e  unperturbed electron. 

Brewer . This expression can be in tegra ted  t o  give the  l i m i t s  of the  excursion 

of t h e  electron.  I t  i s  found t h a t ,  f o r  t he  beams considered, which have a 

thickness  of 0.006 in.  a f i e l d  of 200 gauss i s  s u f f i c i e n t  t o  keep the 

excursion within 0.001 in .  i f  the  beam i f  launched paral.le1 t o  the  s t ruc ture .  

, t h e  r a t i o  of the d is tance  of t he  e lec t ron  from the  mid plane 
Yo 

The remaining symbols a r e  defined by 
1 

The excursion of e lectrons due t o  thcrmal v e l o c i t i e s  however 1s 

given by the  expression 

t 

r 3.37 V ? / B  



Methods of correcting radiai velocities arising from the Lens 

action of gun electrodes which are effective over wide ranges of v o l t a g e  :.&ire 

been discussed by Xing and others. These are expensive in nagnetic field 

but it is reasonable to hope that a sufficient degree of correction cocld 

be obtained without exceeding the value of field quoted above. 

2 

A further improvement could be obtained by the use of an additional, 

variable voltage anode. In operation this would have to be "tracked" with 
the circuit voltage. Further investigation would be required to assess 

whether the improvement in beam launching, and the consequent reduction in 

magnetic field, which could be obtained in this way is justified when 

balanced against the additional external circuit complications. 

B. Estimation of Magnet Weight 

In general there are three basic methods of magnetically focusing 
0-type traveling wave devices; namely, the electromagnet, the permanent rri;;nct, 

and the periodic permanent magnet. 

section, the magnetic field was estimated to be at least 900 gauss over a 

two-inch length, From a physical viewpoint we estinate that a 50 Gc 

backward wave converter will have an outside diameter OF one-half inch. For 

an electromaznet this would mean that at least 1OC watts of power would have  

to be supplied to the magnet and in addition cooling would be required. For 

a device to be used in a space probe this is obviously undesirable and the re -  

fore the use of an electromagnet has been ruled out. Since the backward 
wave converter is a voltage tunable device,the use of a periodic permanent 

ma;net must also be ruled o u t  as these two conditions are not compatible. 

We are therefore left with the choice of permanent aagnct  structures. 

From the considerations of the previous 

Plany types of perinanent mgnzt configurations have been devi,sc:i 

to focus beam type traveling wave devices. For C ~ L S  discussion, . W W C , ~ J L : I ,  W F  

will linit ourselves to a tubular arrangement as sitown in Figure .*j, sxnce 

straishtiorward design psoccdures ;lave been &vis-u ,JY Glass-'. Aitli 3 

30 
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With a permanent nagnet  iocusin;;  scheme i t  is u s u a l l y  necessary t o  s ~ ~ p r c s s  

any r a d i a l  components of n a p e t i c  f i e l d .  

s t r a i g h t e n e r s  of t h e  type i l l t i s t r a t e d .  I n  general  t t e  s t r a i g h t e n e r s  consi:c 

of a series of t h i n  magnetic d i s c s  sepa ra t ed  by non-inagnetic space r s .  iJir;h 

a good s t r a i g h t e n e r  t h e  r a d i a l  f i e l d  components c a n  be reduced t o  the  o rde r  

of one gauss wh i l e  having n e g l i g i b l e  e f f ec t  on the  a x i a l  f i e l d .  I n  following 

t h e  procedures  of Glass i t  i s  necessary t o  s p e c i f y  t h r e e  q u a n t i t i e s ,  t he  

Length and i n s i d e  diameter  of the magnet and t h e  r e q u i r e d  magnetic f i e l d ,  

With a tube  diameter  of one-half i nch  i t  was decided t o  set  t h e  i n s i d e  

diameter  of t h e  magnet a t  one inch i n  o rde r  t o  permit room f o r  a s t r a i g h t e n e r .  

From h e r e  t h e  o u t s i d e  diameter and weight f o r  a given magnet m a t e r i a l  may be 

r e a d i l y  determined. 

f i e l d  v a l u e s  and t h e  r e s u l t s  a r e  as fol lows.  

Th i s  can be done wi th  f i e i d  

Several  t r i a l  des igns  have been worked ou t  f o r  v a r i o u s  

Outside 
Magnetic F i e l d  Mate r i a l  Diameter Weight 

900 Gauss Alnico 7 3 i n .  3.25 l b s .  

1200 Gauss Alnico 8 2.22 inc .  0.81 l b s .  

2000 Gauss Platinum-Cobalt 3 i n .  6.6 l b s .  

( Improved) 

The platinum-cobalt  f i g u r e s  have been included t o  i l l u s t r a t e  t h a t  i f  necessary,  

a 2000 gauss f i e l d  could be obtained; however, t h e  b a s i c  c o s t  o f  t he  magnetic: 

material would be considerable .  From t h e  t a b l e  i t  is seen t h a t  a very r eason-  

a b l e  des ign  appears  p o s s i b l e  wi th  Improved Alnico 8. I f  we t a k e  a m o s t  p e s s i -  

mistic viewpoint and say t h e  magnet would have t o  be l a r g e r  and an o rde r  of 

magnitude heav ie r ,  t h e  end r e s u l t  would s t i l l  be reasonable .  

purposes,  F i g u r e  45 has been drawn t o  f u l l  s c a l e  f o r  t he  Alnico d valups t a : l ~ -  

l a t e d .  

For informati .>n 

C.  Program Recommended Tor !iext Phase 

The above d i scuss ions  have been l a r g e l y  concerned wi th  ladder  l.Lna::; 

f o r  wnich  t h e  n a t u r a l  bean siiape would correspond to a s t r i p  geometry. 

s u c c s s s f u l  high and low p o w e r  t u b e s  have been built a t  millimeter WavPleli,’::..:, , 
i n  t he  case of a t ube  where i t  i s  v i t a l  to res i r rc t  tile bean intercepLi: :~:  t < )  

A i ~ , : i ~ z : ~ i ,  

3 1  
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the lowest possible value in order to avoid interception nji;.., : ; . a ? ~ ~ -  2 ;  - 

many advantages in favor of usin;: a circular solid or holiow beam. P n  

particular the problem of preventing any twist of the strip beam is avoided. 

If we start with a double ladder circuit, as indicated in 
Figure 46 (a), there are two ways in which we can make a modification 

which will permit the use of an interacting beam having circular symmetry. 
Figure 46 (b) shows the first of these possibilities; the main disadvantage 
is that we have incurred a substantial reduction in available beam area. 

Experiments have shown that the dispersion curve O F  this structure is 

indistinguishable from that of Figure 46 (a). 
has not as yet been investigated, out is also likely to be insignificant. 

The change in impedance 

In the circuit of Figure 46 (c) we are not  faced with any reduction 

of beam area, and we can use a high perveance annular beam. 

curve and impedance is substantially that of a single ladder structure. 

In both cases, a ridge (shown dotted) can be introduced in order to achieve 
a wider pass band. 

lead-out-bar from each structure, and the results obtained are very similar 

to those shown (Figure 152) for a single ladder. 

The dispersion 

In both cases matching is effected by combining one 

The advantages of the structure of Figure 46 (c) appear to be 
dominant. It is this structure which we would propose t o  use in t h e  first 

operating RWC at millimeter wavelengths. 

We therefore recoilmend that the worh on  he niliimeter wave 

converter tube be continued and propose that the r,ext logical phase in 

this program is to build ac operating tube that w i i ?  operate i n  the lower 

millimeter range of f r e q u e n c i e s .  .A tLbe that will c.;Jerate from gC t:, i-rrni_ 

(or some similar banciwici.ri-l W i t l i  a sligkitiy ~ ~ i ~ n c r  cel i tcr  iiequency] w : i i c i i  

has a circuit a s  si iowii  in Yizure $5 ( c j  is a ~ a g i c s ~  starr.ic, p l a c e .  

32 - 
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APPEWLX I 

BWC BALLISTIC ANAEYSi S MGDIEICATION TO INCLG'DE COSLKE TERI-? 

The p r  ox f ma-t e a n a l  y s i s pr ev i o 11:; 1 y p r  e i; e I I 2 d na :; be 
iiiodified t o  i n c l u d e  t h e  e f i ' e c t  o f  t n e  cc:;iniisoLd:Ll v z r l a t i o n  
of t h e  envelope  o f  t h e  a c c e l e r a t i n g  e l ( : c t r i c  f i c l i i .  The 
2nalysl.s proceeds  zlony: t,ne Saxe 1Lnc:: :is befcre, :-fi(i i t  turfi:; 
G U ~  t ha t  t h e  .cos inusoi<l : : l  v s r i : i t i o n  do(>:; aoi co::!plic;*tc t h e  
knalysis t o  any s i g n i f i c a n t  e x t e n t .  Likewise, t h e  r z : . i i l  ts 
d o  not d i f f e r  greatly fro:n t . ! iose o b t a i n e d  prev iou . ; iy  f o r  t h e  
c o n s t a t  amplitGde case .  

e -- 
m -- 
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4 -- 
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w -- 
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To e l i n i n a t  e pOSSi.ble c o n f u s i o n  t h e  pa rame te r  o rev i  o u s i y  
d e s i g n a t e d  as p w i l l  h e n c e f o r t h  be denoted  by$ ; i . e . ,  

(2) 

'Le n o t e  that 

c3 t-, .3y, t - - mkf i -  g ~ )  L3 m ut(t- s ) =  J4 4"" 
Consequent ly  t h e  e q u a t i o n  of motion msy be m i t t e n  i n  t h e  
form 

I J . , t ,  t 
dt' 

,Tith t h e  i n t r o d u c t i o n  of t h e  e f f e c t i v e  f r e q u e r i c y a  , deC'Lnerl 

t h e  e a u a t i o n  bL3comes 

on t w i c e  
.s L: ful-lc 
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r e s u l t s  o b t a i n e d  f o r  t h e  con:t a t  a m p l i i u l i e  c2se c a be 
a p p l i e d  t o  t h i s  c o s i n u s o i d a l  case bec.iu:;e t h e  form of t h e  
transit t i n e  e q u a t i o n s  i s  identical for tlLe t w o  czses. 
T h e r e f o r e  we may immediately i w i t e  e s o r e s s i u n s  f o r  t k e  
v x i o u s  r u r r e n t s :  

i:.here t h e  c u r r e n t  a t  t n e  entrrrnce plane ( t  z 0) i s  ZiTien 
by 

( 1 3 )  

- 
d 

I '1 



(14)  

If t h e  is s u f f i c i e n t l y  small, 

We assume thz t  t h e  backward wave amplifier is l i n e a r  and 
i n t r o d u c e  a t r ansconduc tance  c o e f f i c i e n t , % ,  d e f i n e d  by 

w h e r e y h i s  t h e  ampl i tude  of t h e  i n p u t  si nal t o  t h e  BWA. 
o u t p u t  v o l t a g e  a t  t h e  i . f .  f requency lsj#CL where 2,is t h e  
impedance of t h e  c o l l e c t o r  a t  resonance and i s  assumed t o  be 
a pure  r e s i s t a n c e ;  s o  

x= 
The 

-L The conve r s ion  gain, def ined  by 



APPENDIX I1 

B W  BALLISTIC ANALYSIS WITH SPACE CHARGE . 
m d ile zA2proxiz.aF e a:~1 ysiru o f  til. bzckt*ard wave c o n v e r t e r  

~ L S  beer; extended t o  i n c l u d e  tt.e d f f e c t s  o f  s2ace-cnarge a i 6  
o f  t h e  c o s i n u s o i d a i  envelope  o f  t h e  e l e c t r i c  f i e l a  i n  t h e  
backward wcve o s c i l l a t o r  s e c t i o n  o f  t h e  d e v i c e ,  This a n a l y s i s  
cornbines t h e  s imple  b a l l i s t i c  analysis p r e s e n t e d  e a r l i e r  w i t h  
t h e  space-chzrge  a n a l y s i s  developed by t h e  workers  a t  STL ( 1 , 2 ) .  

We be;;in by assuming a n  i n f l n i t e  e l e c t r o n  bear;, and space-  
cha rge  n e u t r a l i z a t l o n  o f  t h e  d .  c .  space-charge .  Under t h e s e  
a s s u a p t i o n s  :-:axwell 's e q u a t i o n s  and t h e  equation o f  i:,otlon may 
be w r i t t e n  i n  t h e  following form: 

-L 

where 

i -  
i, - 
P -  
4 -  
€ -  
G -  
t -  

w -  

e -  

7 -  

31 c u r r e n t  d e n s i t y  
2.c.  c u r r e n t  d e n ~ i t y  
v e l o c i t y  
cha rge  d e n s i t y  
d.c.  cha rge  d e n s i t y  
p e r m i t t i v i t y  
e l e c t r i c  f i e l d  s t r cn i ; t h  due t o  space-charge  
a p p l i e d  e l e c t p i  c f i e l d  
time 
s p e c i f i c  c h a r z e  0:' :in e l e c t r o n  

Tnece eqi;atLons have b e e n  given  i n  a n  e a r l i e r  r e l j o r t  ( 2 ) ,  
and k r c  i n c l u d e d  h e r e  o n l y  f o r  comple teness .  



.. 

where A , 8  , c , m d  
t r ,e  1 n i t ; a l  c o n d i t i o n s .  ana t h e  d i f f e r e n t i a l  e q u a t l  or?. 
i i i i t i a l  conci i t i  ens 3 r c  

a r e  con:tantr; which :ti: y b e  de te r : r lne( l  f rorn 
The 

(9) P= & 
and 

a t  t h e  t ime o f  entry, & e .  Fron t h e  d i f f e r e n t i a l  e q u a t i o n  
we o b t a i n  by d i r e c t  s u b s t i t u t i o n  

JP/% = +El. 
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%here K is independent of’fIequency. 

slightly different frequency all t he  coefflcients in 4 n  (2) will be s l i g h t l y  

different resultlng in slightly dlfferent roots. 

roots i n t o  m n  (A.l) we get :- 

K can be calculated by assuming tkwt at d 

Substituting these perturbea 

v .  - v .  
1 

2biVi + 8QC 
- 

bi - 6. 
J 

s; + 4Qc 

2 di + 4Qc 

(lji - 6. )(Si - 6,) 
K = >  

i 9 j  ,k J 

p e CGiL 
e I vi - V k  - + p e a  (Vi - 6i )  

Si - 6,  

where 

2 
E & . + E  & . + E  

- 2 1  1 1  0 

3 tii + 2a2 hi + a, 2 
- -  

V i  

E = 8QCy 1 E = E, a2 + a l y  
0 

\‘ 
0 v - group velocity. - -  

‘(1 - v y  g 

( A .  5 )  
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Substituting 4 n  (A.7)  into Elin ( A . 5 )  u s i n g  the fact that QC I S  large 

and employing the asymptotlc conditions of oscillation 

we get  for the case of zero  l o s s  

1 2 

( A . 9 j  

which agrees with t he  expression given by 2-wave theory  ( s e e  i n  Appendix 3 . 2 ) 0  



'I  

where 



t- 

d 

'W 

- i 

Assmlng again t h a t  the  spat,isl var ia t ion  i s  the same a t  d 

f o r  t,he one c i r c u i t  case 

as a t  L) i> kc- r ' i z a  w L : i >  a 

( A . 1 3 )  I I = Bcb 
e 

where Bcb - amplitude of input signal.  

Subst i tut ing ( A . 1 0 )  and ( A . 1 3 )  i n t o  m n  ( 5 )  using the  tlerlved formulac 

f o r  g ( f a s t  wave i s  neglected i n  t h i s  2-wave approximatlon) arid integratlrlg we 

g e t  f o r  t he  1-f cur ren t  

( A .  14) 

where 

(A.  17 ) 

In the  two-circult case I Asb I 1s simply assumed t o  be constant (ttir.  

gain i s  now independent of t he  parameters of t he  o s c i l l a t o r  c i r c u i t )  which gives 

f o r  t he  1-f current '1 t l , h v  c o I  l e c t o r  :- 
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